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Background: Carotid angioplasty with stent placement (CAS) may offer an alternative treatment to carotid endarterec-
tomy (CEA). However, in contrast to CEA, which has been shown to normalize impaired cerebral hemodynamics, the
effects of CAS remain unclear. To investigate alterations in cerebral hemodynamics, we prospectively studied patients
undergoing CAS and compared them with a group of similar patients undergoing CEA.
Methods: Twenty-three patients undergoing CAS for recently symptomatic internal carotid artery (ICA) stenosis were
prospectively studied. Volume flow in the ICAs and basilar artery (BA) were measured with magnetic resonance volume
flow quantification before CAS and 1 month after. The results were compared with those in 13 similar patients
undergoing CEA and 40 control subjects without ICA stenosis.
Results: After CAS, volume flow in the ipsilateral ICA increased from 114  17 to 231  17 mL/min (P < .001), and
total volume flow (ICAs plus BA) increased from 495 24 to 552 28 mL/min (P< .05). No significant changes were
seen in the contralateral ICA and BA after CAS. Total volume flow and flow in the stenosed ICA normalized after CAS
compared with control subjects. Volume flow values similarly improved after CEA.
Conclusions: CAS results in a normalization of impaired cerebral hemodynamics, as assessed by magnetic resonance
volume flow measurements. The degree of improvement is similar to that seen after CEA. (J Vasc Surg 2006;44:73-8.)In patients with symptomatic severe internal carotid
artery (ICA) stenosis, carotid endarterectomy (CEA) has
been shown to result in a significant stroke reduction.1,2
The favorable effect of surgery is assumed to be based on
the removal of the atheromatous plaque, which can be a
source of cerebral emboli. Moreover, it has been suggested
that improvement of blood flow after CEA may further de-
crease stroke risk by a better wash out of cerebral emboli. 3
Carotid angioplasty with stent placement (CAS) has
emerged as a potential therapeutic alternative to CEA for
the treatment of high-grade ICA stenosis. Currently, sev-
eral major trials directly comparing CAS with CEA are
underway.4 Unlike CEA, CAS does not remove the ather-
omatous plaque. CEA has previously been shown to restore
blood flow distribution and normalize impaired cerebral
hemodynamics.5,6 However, the hemodynamic effects of
CAS on the treated ICA and the collateral artery blood flow
remains unclear.
Magnetic resonance (MR) flow quantification is a
fast, safe, and noninvasive method to determine blood
volume flow (mL/min) in the major brain-feeding arter-
ies.5-8 To investigate alterations in cerebral hemodynam-
ics, we performed a prospective study of MR flow mea-
surements in patients with symptomatic ICA stenosis
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METHODS
Subjects. The study was conducted between Novem-
ber 2004 andNovember 2005 and included 36 consecutive
patients (24 men, 12 women), with a mean ( SD) age of
67 9 years and ICA stenosis (50% diameter reduction),
who had been symptomatic in the previous 12 weeks. All
patients were participants of the International Carotid
Stenting Study, a randomized controlled trial to compare
CEA and CAS. Patients had to be suitable both for CAS
and surgery. Patients who had a stroke causing major
disability (modified Rankin score 3 to 5)9 were excluded.
The ethics committee of our institution approved the study
protocol, and written informed consent was obtained from
all participants.
All patients underwent contrast-enhanced MR angiog-
raphy (CE-MRA) and duplex ultrasonography. Grading of
stenosis in the ICA was performed with CE-MRA accord-
ing to North American Symptomatic Carotid Endarterec-
tomy Trial criteria.10 None of the patients had intracranial
steno-occlusive disease on CE-MRA.
CAS was performed in 23 patients (16 men, 7 women;
age, 68 9 years) and 13 patients underwent CEA (8men,
5 women; age, 67  10 years). The number of CAS
patients is higher than the number of CEA patients because
the MR volume flow investigations in patients randomized
to CEA were added to the study protocol 5 months after
starting this investigation in patients randomized to CAS.
In the CAS group, the mean SD degree of stenosis in
the ipsilateral ICA was 79%  12% and 37%  30% in the
contralateral ICA. In the CEA group, the degree of stenosis
in the ipsilateral ICA was 82% 12% and 32% 21% in the
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ICA after CAS was 2%  4% and 3%  7% after CEA. All
operations and CAS procedures were uncomplicated.
The control group consisted of 30 subjects (20men, 10
women; age, 67  7 years) matched for age and sex,
without abnormalities on MR imaging and MRA of the
brain and without ICA stenosis on duplex ultrasonography.
These subjects were treated in the department of neurology
for diseases other than intracranial diseases and had no
history of ischemic neurologic deficits.
Magnetic resonance angiography. The MR investi-
gations were performed 1 day before and 1 month (range,
28 to 36 days) after carotid intervention on a 1.5 T whole-
body system (Gyroscan ACS-NT, Philips Medical Systems,
The Netherlands). On the basis of two MR localizer scans
in the coronal and sagittal plane, a two-dimensional phase-
contrast (2D PC) MR section was positioned at the level
of the skull base to measure the volume flow in the ICAs
and the basilar artery (BA). Fig 1 illustrates the positioning
of the 2D PC section through the ICAs and the BA (TR, 16
milliseconds; TE, 9 milliseconds; flip angle, 7.5°; field of
view, 250  250 mm; matrix, 256  256; section thick-
ness, 5 mm; average, 8; velocity sensitivity, 100 cm/s).
Data processing and statistical analysis. On an inde-
pendent workstation, quantitative volume flow values were
calculated in the ICAs and BA by integrating across manu-
ally drawn regions of interest that closely enclosed the
vessel lumen. The side of the treated ICA was designated
the ipsilateral side and the nontreated side, the contralateral
Fig 1. Sagittal localizer magnetic resonance (MR) angiogram
illustrates the positioning of a two-dimensional phase-contrast MR
section to measure the volume flow through the internal carotid
arteries and basilar artery in a patient with symptomatic stenosis of
the right internal carotid artery.side. Total volume flow was defined as the sum of the ICAsand BA volume flow. Differences in volume flow between
baseline and 1 month after carotid intervention were ana-
lyzed with paired sampled t test. Differences in volume flow
between patients undergoing CAS and patients undergo-
ing CEA, between patients and control subjects, and be-
tween the ipsilateral and the contralateral hemisphere were
analyzed with Student’s t test. P  .05 was considered
significant. For statistical analysis, SPSS 10.0.7 (SPSS, Inc,
Chicago, Ill) for Windows (Microsoft, Redmond, Wash)
was used. Volume flow data are expressed as mean 
standard error of the mean (SEM).
RESULTS
Fig 2 shows the intra-arterial cerebral angiography and
MR volume flow images of a 52-year-old patient with
transient ischemic attacks associated with a right-sided
ICA stenosis. The cerebral angiograms demonstrate that
the 90% stenosis, located proximal in the right ICA, is
redressed after CAS. The MR flow quantification study of
the individual ICAs and BA at the level of the skull base
before CAS showed a volume flow of 55 mL/min through
the stenosed right ICA. After CAS, flow through the
treated ICA increased to 221 mL/min.
Fig 3 shows the changes in ipsilateral ICA flow after
CAS and CEA for all individual patients. Before CAS, a
volume flow of 144  17 mL/min was measured in the
ipsilateral ICA. After CAS, the volume flow in the ipsilateral
ICA significantly increased (231 17mL/min; P .001).
In patients undergoing CEA, volume flow in the ipsilateral
ICA (143 23 mL/min) also significantly increased post-
operatively (226  15 mL/min; P  .001). No significant
difference in flow increase in the ipsilateral ICA was found
between patients who had CAS and those who had CEA.
Furthermore, no significant changes were seen in the con-
tralateral ICAs and BA after CAS or CEA.
Fig 4 displays the increase in volume flow in the ipsilat-
eral ICA after carotid intervention as a function of the
degree of stenosis in the ipsilateral ICA. Both CAS (r 
0.30) and CEA (r  0.33) demonstrate a positive correla-
tion between the degree of stenosis and volume flow in-
crease in the treated ICA.
Fig 5 shows for all patients and control subjects the
volume flow through the ipsilateral ICA, contralateral ICA,
and BA, and the total cerebripetal volume flow (ICAs plus
BA). Volume flow in the ipsilateral ICA in patients before
CAS (144  17 mL/min) or before CEA (143  23
mL/min) was significantly decreased compared with con-
trol subjects (236  13 mL/min; P  .01). After CAS or
CEA, no significant difference in volume flow in the ipsi-
lateral ICA between patients and control subjects was
found. No significant difference in volume flow in the
contralateral ICA or BA was found between patients and
control subjects. Furthermore, flow values in any of the
arteries did not differ between patients who had CAS and
patients undergoing CEA.
The total volume flow in the cerebripetal arteries before
carotid intervention in the CAS group (495 24mL/min)
and CEA group (496  19 mL/min) was significantly
left IC
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mL/min; P  .05) and increased significantly after carotid
intervention (CAS group 552  28 mL/min; CEA group
551  14; P  .05). No significant difference in total
cerebripetal volume flow increase was found between CAS
patients and CEA patients.
DISCUSSION
The study had two findings that were most important.
First, in patients with symptomatic ICA stenosis, CAS
results in a significant improvement in cerebral hemody-
namics in amanner similar to that of CEA, as determined by
MR volume flow measurements in the brain-feeding arter-
ies. Second, total volume flow to the brain and volume flow
in the stenosed ICA normalized after CAS compared with
an age- and sex-matched control population.
Technical advances in MR imaging have enabled
noninvasive quantitative measurements of blood volume
flow (mL/min) in the brain-feeding arteries. In this
respect, MR volume flow has been used for the evalua-
tion of cerebral hemodynamic impairment in patients
with obstructive disease of the ICA or posterior circula-
Fig 2. Selective angiograms of the right common caro
carotid angioplasty with stent placement (CAS) of th
Quantitative magnetic resonance flow values before (c) a
drawn regions that enclose the vessels. 1, Right ICA; 2,tion,11,12 arteriovenous malformations,8,13 and cerebralischemia.14,15 MR volume flow quantification has also
been useful for the evaluation of vascular interventions
such as extracranial-intracranial bypass surgery,16
CEA,6,17 and angioplasty of the vertebrobasilar arter-
ies.18 In addition, it was demonstrated that in patients
with symptomatic vertebrobasilar disease, a management
algorithm consisting of quantitative MR volume flow
measurements could identify patients at high stroke risk
and guide the need for intervention.7
CAS has emerged as a potential alternative to CEA for
the treatment of high-grade ICA stenosis, and several large
randomized trials directly comparing CAS with CEA are
currently underway.4 In the present study, we demon-
strated that the effects of CAS on cerebral hemodynamics
are similar to those seen after CEA. A previous study only
evaluating the effect of CAS in 12 patients with 70%
stenosis of the ICA, demonstrated an increase in flow in the
treated artery from 150 mL/min to 282 mL/min and little
change in other extracranial arteries.19
The main difference between the latter study and our
study is that we also investigated the changes in blood
flow before and after CEA. Furthermore, we showed
rtery of a 52-year old woman before (a) and after (b)
% stenosis in the right internal carotid artery (ICA).
ter (d) CAS are obtained by integrating across manually
A; 3, basilar artery.tid a
e 90
nd afnormalization of the flow values compared with an age-
eral ICA significantly increased (P  .001).
demonstrate a positive correlation between the degree of sten
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patients undergoing CEA are consistent with previous
studies showing normalization of impaired cerebral he-
modynamics after CEA, as assessed by volume flow mea-
surements.5,6,17
Using MR flow quantification, Vanninen et al dem-
onstrated that ICA flow increased from 143 to 233
mL/min and total flow increased from 583 to 664
mL/min.6 Similar to our results, no significant change in
flow in the contralateral ICA and posterior circulation
was found. However, in another study in patients with
severe ICA stenosis, BA flow decreased significantly after
CEA.17 The pre- and postoperative measurements are
also in agreement with the historical data of carotid flow
measurements during CEA using square-wave electro-
magnetic flow probes: ICA flow was 133 mL/min before
CEA and 212 mL/min after.5
In our study, the total cerebral blood flow in patients
before CAS (495 mL/min) and CEA (496 mL/min) was
significantly decreased compared with control subjects
(576 mL/min). This may indicate incomplete compen-
satory supply to the brain, but we stress that several
known possible collateral pathways, such as the ophthal-
mic arteries and leptomeningeal collaterals, were not
included in the MR assessment. Another theory is that
recurrent small infarctions (transient ischemic attacks)
may lead to relatively hypoperfused areas in the brain.
These areas may have decreased metabolism, which in its
turn may be responsible for the decreased hemispheric
flow.20
A limitation of the present study is the relatively small
sample size. The number of patients might have been too
small to demonstrate potential small differences in vol-
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Fig 3. Quantitative changes in volume flow in the ipsilateral
internal carotid arteries (ICAs) in patients with symptomatic
ICA stenosis before and after carotid angioplasty with stent
placement (CAS) (top) or carotid endarterectomy (CEA) (bot-
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Fig 4. Quantitative changes in volume flow in the ipsilateral
atic ICA stenosis after carotid angioplasty with stent placemen
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those undergoing CEA. The sample size was, however,
large enough to demonstrate significant improvement
and normalization of volume flow after CAS and CEA. In
the present study, no volume flow measurements were
performed in the anterior, middle, or posterior cerebral
arteries. Still, MR volume flow measurements in these
arteries have been shown to be useful for the evaluation of
intracranial cerebral hemodynamics.7,11
CONCLUSION
CAS results in a return of impaired cerebral hemody-
namics to the normal range in a manner similar to that of
CEA. Although these results are encouraging, the true
role of CAS in the management of ICA stenosis remains
to be determined by large randomized trials that com-
pare it with CEA.
MR volume flow quantification is a noninvasive method
of monitoring the hemodynamic effects of CAS and CEA in
patients with ICA stenosis both immediately after the pro-
cedure and in long-term follow-up. This method may be
useful for noninvasive quantification of possible neointimal
hyperplasia or restenosis, which may not be similar in the
CAS and CEA subgroups.
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